
Available online at www.sciencedirect.conn 



^^^^ • rv ■ Nuclear Physics B 

•# ScienceDirect proceedings 



Supplement 

ELSEVIER Nuclear Physics B Proceedings Supplement 00 (2013) l-[4] ^^^^^^^^= 



Probing new physics with r-leptons at the LHC 

German Valencia 

Department of Physics, Iowa State University, Ames, lA 50011 



Abstract 

We discuss new physics that can show up in the r^r" production process at the LHC but not in the dimuon or the 
dielectron channels. We consider three different generic possibilities: a new resonance in the Drell-Yan process in the 
form of a non-universal Z'; a new non-resonant contribution to qq t^t~ in the form of leptoquarks; and contri- 
butions from gluon fusion due to effective lepton gluonic couplings. We emphasize the use of the charge asymmetry 
both to discover new physics and to distinguish between different possibilities 
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New physics searches in iht pp ^ t^t~ process are 
well underway in both ATLAS and CMS. From the per- 
spective of beyond the SM physics, this channel pro- 
vides a window into scenarios in which the third gener- 
ation is preferred and we will discuss three such possi- 
bilities. These possibilities reinforce the need to explore 
T^r" production at the LHC regardless of limits from 
dimuon or dielectric channels. 

A very valuable tool to measure electroweak cou- 
plings and to constrain new physics at LEP was the 
forward-backward asymmetry. As of now, there remain 
some discrepancies from the SM expectations in both 
as measured at LEP and Afb in tt production as 
measured at the Tevatron 1 1 1. This leads us to consider 
the A^^ as well. Of course there was no measurable dif- 
ference from the SM in A^^ as measured at LEP, all the 
way up to CM energy of 210 GeV | 2 | and this places 
significant constraints on new physics affecting the r- 
lepton that can show up at LHC, leaving mostly the high 
T^T" invariant mass region to explore. 

The LHC is a symmetric pp collider so that one can- 
not define the forward backward asymmetry in the usual 
way. However, it is well known from corresponding 
studies for heavy quarks, that the information present 
in Afb can be recovered in the form of a charge asym- 
metry |3|. Conceptually, the simplest possibility is the 



reconstruction of the qq parton CM frame. If this is pos- 
sible, one also knows that the direction of the quark is 
correlated with the direction of the boost permitting a 
definition of Afb which has already been used to mea- 
sure Afb for muons and electrons Lil, confirming SM 
expectations. For r-leptons it is harder to reconstruct 
the parton CM frame and we choose to carry our discus- 
sion in terms of the charge asymmetry. Our numerical 
studies show that it is better to work with an integrated 
charge asymmetry 

^(y)- ^^'^~y^ <y<yc)- Nf-(-yc <y<yc) ^ 
~ Ne.{-yc <y<yc) + N^-(-yc <y<yc) 

The largest charge asymmetry is obtained for a value 
yc ~ 0.5 as can be seen in Figure [T] 1 5 1 We also inte- 
grate AcCvc) over r^r" invariant mass from a minimum 
min chosen at first to exclude the Z region and later 
on to optimize the sensitivity to new physics. Figure [T] 
is for SM and includes basic cuts pr^ > 20 GeV, \r]j\ < 
2.5, and ARjj > 0.4, but we found that yc is not very 
sensitive to any of this. As seen in the figure, Ac in- 
creases with nijj min as this has the effect of including 
more events with larger boosts. This comes at the price 
of lost statistics. An important observation is that the r- 
leptons at LHC are highly boosted so their decay prod- 
ucts travel in essentially the same direction as the parent 
in the lab frame and this allows us to construct the asym- 
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Figure 1: Integrated charge asymmetry for the standard model with 
basic acceptance cuts as well as different minimum dilepton invariant 
mass cuts. 



metry using the direction of the decay product (muon, 
electron or jet). 

We investigate two new physics scenarios in connec- 
tion with the usefulness of Ac. Of course we are inter- 
ested in new physics scenarios that are compatible with 
LEP and not ruled out by measurements with muon or 
electron pairs so we choose the models accordingly. 

An example of resonant new physics of this type is a 
non-universal Z' that prefers the third generation O |71 
(or just the r-lepton | 8 |). The main feature of such a Z' 
is that it has couplings to the third generation that are 
enhanced by a factor gR/gi and couplings to the first 
two generations suppressed by the inverse of the same 
factor. In this way processes that involve only fermions 
from the first two generations can be suppressed below 
existing limits; processes involving one pair of third 
generation fermions, such as e'^e~ t^t~ or pp ^ 
T^T~, receive corrections of electroweak strength; and 
processes with four third generation fermions can be 
significantly enhanced. Until very recently LEP2 pro- 
vided the best direct bounds on this kind of resonance, 
but LHC has now entered the picture. CMS, for exam- 
ple, can exclude a Z' in the relevant pp ^ t^t~ channel 
up to about 1 TeV |9 1 (although the analysis has only 
been done using universal Z' models). For comparison, 
the models 1 10 | analyzed by CMS are already excluded 
up to the 2-3 TeV range by their dimuon and dielectron 
analyses. In Figure[2]|5 | we show the usefulness of the 
charge asymmetry to discriminate between two diff'erent 
non-universal Z' bosons of the same mass. The generic 
couplings are of the form 



2 cos 6w 



{fY{ciP, + 4P,)f)z; (2) 



with 



1/3. The curve labeled 'model 1' corre- 
sponds to the Z' of Ref. |7 1 and involves contributions 



Figure 2: Comparison of two Z' models with Mz/ = 600 GeV 
in invariant mass distribution M^r (left) and integrated 
charge asymmetry (right). The model labeled 'Generic' has 
only non-zero couplings c^, and such that • = 1/3. 
The model labeled 'Model 1' is that of Ref. [7]. 

The events were generated using Madgraph ifTTIl and 
the error bars correspond to Icr statistical errors for 
10 fb-i at 14 TeV. 

As an example of non-resonant new physics that 
would aff'ect r-pair production in the Drell-Yan process 
we next consider the exchange of leptoquarks (LQ). The 
generic couplings of vector LQ are given by lfT2ll 



-Clq - -Csm 



(3) 
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Vi/2 / ^ ' 1/2// 
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LQ that would aff'ect primarily this process, for exam- 
ple, are Pati-Salam vector LQ with a strong coupling 
= A^^^ = gj ^/2 and with quantum numbers that 
couple the first generation quarks to the third generation 
fermions |13|. These would contribute to pp t^t~ 
via a t-channel dd t^t~ diagram. Since the protons 
have more up quarks than down quarks, we consider 
instead a variation of this model in which the LQ has 
charge 5/3 and contributes via a t-channel uu t^t~ 
diagram, = gsl V2, we call this model LQ2. In 
Figure [3] we show how the charge asymmetry could eas- 
ily diff'erentiate between the SM and LQ2 for a lepto- 
quark mass 1 TeV which would be hard to detect in the 
lepton-pair invariant mass distribution. The plot is for 
14 TeV with cuts pr > 6 GeV, \7]\ < 2.5 and ARik < 
0.4, i,k = £J 
background. The r^r^ 
with the additional requirement of a minimum missing 



We show the r^r^ channel which has less 
and T^T^ modes can also be used 
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Figure 3: Charge asymmetry in the r^r^ mode for the SM and the 
LQ-2 model with two different lepto-quark masses as a function of a 
minimal M^^/ cut. 
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Figure 4: Charge asymmetry Aij with a missing Et requirement. The 
results for {^j and {~j are shown respectively in the left-side and 
right-side plots 



Et (we used 10 GeV) that removes the direct Drell-Yan 
production of dimuons or dielectrons. In all cases the 
charge asymmetry is constructed using the direction of 
the decay lepton and the error bars correspond to Icr 
statistical errors for 10 fb"^ at 14 TeV f5\. 

The analysis can also be carried out in the TeTh and 
T^T/j modes as we have shown in Ref. O. For Zh we in- 
cluded only the one pion and one rho modes, and used 
a 0.3% probability of a QCD jet in Wj events faking 
a T. The Figure |4] uses the same cuts described above 
and includes background from W pairs, Z pairs, and W j 
events. It shows that it is possible to discriminate be- 
tween LQ2 and the SM using these decay channels. The 
two plots are different because the W^j background is 
larger than the W~j background and they also have dif- 
ferent charge asymmetries (-6.3% and 11% with our set 
of cuts). 

Finally we turn our attention to the possibility of 
new physics contributing to lepton pair production via 
gluon fusion. This would be a very interesting possi- 
bility since the LHC is a 'gluon collider' and is not as 
exotic as it first seems. An example of new physics 



that connects gluons to leptons is a new heavy neutral 
Higgs which has already been studied at LHC |[T4irT5l . 
We are more interested in a 'lepton gluonic coupling': 
an eff'ective coupling between gluons and leptons away 
from a new resonance. The natural formalism to de- 
scribe this scenario is the eff'ective Lagrangian 1 16 | in 
which one writes corrections to the SM in the form of 
higher dimension operators suppressed by the scale of 
new physics. Schematically, 



(4) 



For processes at an energy scale E, the higher dimen- 
sion operators contribute amplitudes suppressed by in- 
creasing powers of E/A and for this reason one lim- 
its these studies to the lowest dimension, usually six. 
At the LHC, however, the large parton luminosity for 
gluon-gluon interactions distorts this power counting, 
enhancing gluon fusion initiated processes. This makes 
the 'lepton gluonic couplings' that first appear at dimen- 
sion eight possibly competitive with other dimension six 
operators. There are two such operators (and their her- 
mitian conjugates): 

X = |f (c '^^G^/i4<A + c '^'G^hfR'p) ■ (5) 

Ignoring CP violating phases, the two operators aff'ect 
the parton cross-sections in identical manner: 



dt 



icP + Id 



0-, 



(\c(- 



<-) 



A8 ?>2n 



(6) 



A8 327i' 

The lepton flavor structure of the operators can be any, 
including lepton flavor violating, but here we concen- 
trate on the case of r-flavor. In the top Figure [5] we 
compare the efl'ect of the lepton gluonic coupling oper- 
ator with that of a dimension six operator of the form 
ag^ IJ^uuli (chosen so that it doesn't interfere with the 
SM) at the Tevatron ifTTl . The figure confirms our ex- 
pectation of dominance by the dimension six operator. 
At the LHC, however, the situation is much diff'erent, 
due to the enhancement of gluon fusion, and we illus- 
trate this in the bottom Figure[5]| 17 |. 

One example of a model that could induce these lep- 
ton gluonic couplings involves a heavy scalar with cou- 
plings to fermions as in a 2HDM with large tan p. With 
a heavy fourth generation one could get c - tan^yS/v 
with A^ ~ {Anvf'M^ . Another possibility would be a 
model with a vector LQ of mass Mx coupling heavy 
quarks to tau leptons. In this case one would find 
c ~ nas and A"^ ~ {A7ivfM\. 
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Figure 5: dcrldma for the SM; the SM plus new physics in the gluon 
fusion process (c = 5); and the SM plus new physics in the uu an- 
nihilation process {a = 5). The scale of new physics is taken to be 
A = 1 TeV. The top figure corresponds io pp ^ i~ at the Tevatron, 
and the bottom figure io pp ^ at the LHC. 



Our numerical simulation with the aid of Madgraph 
inn indicates that the LHC has a Scr statistical sensi- 
tivity to c > 4.3 for A = 2 TeV and 10 fb'^ at 14 TeV. 
This compares to the Tevatron 's 3cr statistical sensitivity 
to c > 75, LEP2's c > 80 and the partial wave unitarity 
constraint c < 80. 

To summarize, we have investigated three different 
scenarios that illustrate new physics that can be con- 
strained at LHC by studying r-lepton pair final states: 

(i) As an example of a new resonance in the Drell- 
Yan process we considered a non-universal Z\ We 
showed how the charge asymmetry can distinguish 
between diff'erent possibilities of new resonances 
with the same mass. 

(ii) As an example of non-resonant contributions to 



Drell-Yan, we considered vector leptoquarks. In 
this case we saw that the charge asymmetry can 
signal the presence of new physics even when it is 
not visible as a bump in an invariant mass distri- 
bution. 

(iii) Finally we considered the case of lepton gluonic 
couplings which first occur at dimension eight and 
which can be tested for the first time at LHC. 

(iv) It is worth emphasizing that the lepton gluonic 
couplings can occur in any dilepton channel, in- 
cluding those that violate lepton flavor, and that 
all of them should be investigated. 
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